The absolute absorption spectra of low-loss optical waveguides, together with their intrinsic and extrinsic scatterings, were measured in the near infrared. Photothermal deflection spectroscopy was used to measure the full absorption spectra of a series of fluorinated cross-linked polymers. Assignment of -CH 3 , -CH 2 -, and -OH overtones as well as of combinations of overtones were made by use of the theory of anharmonic vibrations based on a Morse potential for local modes. Details of the molecular potential are given. The total attenuation in slab waveguides made with these polymers was measured by a prism-coupling technique and compared with the absolute absorption. Losses that are due to the material itself and those that are due to the processing are quantified.
INTRODUCTION
Polymer optical devices have attracted increasing interest in the field of photonics during the past decade. For instance, organic materials have been designed for electroluminescence, 1,2 nonlinear optics, [3] [4] [5] [6] liquid-crystal electro-optics, 7 signal amplifiers, 8, 9 optical fibers, 10, 11 and passive waveguides. [12] [13] [14] [15] [16] In optical communications, passive optical waveguides are potentially useful for short-distance optical interconnections, e.g., board-toboard connections, splitters, couplers, and filters. In terms of device performance, such materials have to combine high transparency in the near-IR regime, controlled refractive index, good optical properties at temperatures greater than 200°C, high mechanical flexibility, longterm stability, and case of processing. With respect to the optical loss of these materials, it is important to separate and quantify the absolute absorption of the material itself from the scattering generated by the waveguide processing. In this way it becomes possible to compare the ultimate potential of various materials. For those materials with low absorption, improved processing can reduce scattering and possibly make such a material acceptable as parts of polymer devices.
To measure weak absorptions in highly transparent films, a highly sensitive technique must be used. Photothermal deflection spectroscopy 17, 18 (PDS) is ideally suited, as it is several orders of magnitude more sensitive than standard transmission spectroscopy. In electronics, PDS has been shown to be useful in characterizing optical absorption in semiconductors 19 and nonlinear optical polymers. [20] [21] [22] [23] [24] [25] However, to our knowledge, few published reports have presented in detail PDS data on lowloss (Ͻ0.5 dB/cm at 1320 and 1550 nm) polymers. In this paper we present the absorption spectra of various lowloss organic systems that are candidates for passive waveguide applications. The PDS spectra are analyzed and compared with the total attenuation of light guided in slab waveguides made from these polymers.
EXPERIMENT

A. Sample Preparation
The polymer system under investigation is based on copolymers of pentafluorostyrene (PFS) and glycidyl methacrylate (GMA) monomers. The photoinitiators used for UV cross linking were a mixture of either aryl sulfonium hexafluoroantimonates (UV16974 from Union-Carbide) or N-perfluorobenzenesulfonyloxynaphthalimide.
A dye, methyloxy diphenyl Disperse Red 1 (dPhDR1), was added to the formulation to aid in PDS calibration. In a clean room, the materials (polymer, photoinitiator, and dye) were dissolved in 2,4-pentanedione, filtered through 0.2-m Teflon membrane filters, and either spin coated or dip coated onto quartz slides. The thickness varied from less than 1 m to more than 500 m. The thick samples were dried in a vacuum oven at 60°C for 3 days and then baked at 110°C for 15 minutes. The films were exposed to UV light under a Hg-Xe high-pressure lamp at 310 nm. The total 310-nm exposure was approximately 5 J/cm 2 . Thick and thin samples were then postbaked for 2 h and 30 min, respectively, at 130°C.
B. Photothermal Deflection Spectroscopy
PDS measurements were carried out with a standard transverse setup 18 consisting of a 450-W Xe arc lamp focused on the entrance slit of a 0.25-m monochromator. The wavelength-resolved light acting as the pump beam was modulated by a mechanical chopper (18 Hz) and focused onto the sample cell. The sample cell contained the polymer film immersed in a strong nonsolvent (Fluo-rinet 6F72) and was placed on a three-axis translation stage that allowed the film surface to be scanned. The probe beam was typically a weak (1-mW) He-Ne laser, which was focused onto the pump beam spot at the surface of the film. If probe and pump beam offsets increased, the heat flow dispersion led to a weak and unstable signal intensity. Owing to the absorption of the pump beam, the sample temperature increased and diffused through the sample surface in the surrounding liquid. The temperature of the liquid was therefore locally increased, generating a gradient of refractive index close to the sample surface. This index gradient is responsible for deflecting the probe beam. The probe beam should be as close to the film as possible, without being eclipsed, because the detected signal intensity decreases exponentially with increasing distance between the probe beam and the surface of the sample. The pump beam should be focused as tightly as possible on the film because the signal is proportional to the intensity of the pump beam. By looking at the scattering pattern of the probe beam on the detector and by monitoring the sample with micrometerdriven translation stages, it was possible to keep the same distance between the probe beam and the sample surface for every experiment. Thus we ensured high repeatability of the experiment, permitting an accurate comparison of the different polymer films. The deflected beam was measured by a position sensor. The outputs of the position sensor were amplified by current amplifiers and fed into the computer-interface lock-in amplifier. The amplitude of the PDS signal was averaged and normalized to the incident-light intensity.
Wavelength calibration was made at 632.8 nm with a He-Ne laser beam. We calibrated absorption by measuring the film thickness and by overlaying the data from the standard UV-visible transmission spectrometer upon the PDS data.
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C. Prism-Coupling Method
We applied the prism coupling method to measure the total attenuation of light guided in the polymer slab waveguides. 27 The polymer was spin coated onto a 4-in (10.16-cm) thermally oxidized silicon wafer. SiO 2 and air acted as waveguide claddings. By pressing higherrefractive-index prisms against the thin film we are able to launch light into the slab waveguide and excite-at certain angles of the incident light-a guided mode. The number of waveguide modes depended on the film thickness. With a second prism placed upon the film along the light path we could couple the light out of the waveguide and detect its intensity. By varying the distance between the prisms and hence the length that the light traveled inside the slab waveguide we could determine the attenuation inside the slab waveguide, which consisted of absorption in the polymer film, scattering at the film boundaries, and defects within the film. Adding together the random and the systematic errors produced total experimental errors of Ϯ0.04 and Ϯ0.02 dB/cm for the polymers that contained small and large amounts of C-H bonds, respectively, as expressed in Fig. 6 below. The measurement was made with laser light at 1550 nm and TE polarization.
RESULTS AND DISCUSSION
Passive optical materials must have low optical losses in the near-IR regime to allow efficient signal transmission to take place over length scales that are appropriate for telecommunications. We can obtain polymers with low optical loss by minimizing the number of chemical bonds, such as C-H, O-H, and N-H, that are responsible for strong absorption in the near-IR regime. One way to decrease the number of C-H bonds is to replace hydrogen with a heavier atom, such as fluorine, thus shifting the absorption signal to longer wavelengths. Our organic system consists of polymers based on pentafluorostyrene (PFS) (60-100 mol. %) and GMA. We could accurately tune the refractive indices of such polymers from 1.4760 to 1.4862 at 633 nm by varying the amount of each monomer.
The GMA ensures a UV cross-linking chain reaction based on acid catalysis. Therefore, after cross linking, only a minimum number of-OH groups appear, as shown in Fig. 1 . Synthesis, chemical characterization, refractive-index measurements, and lithographic studies of these polymers were published elsewhere. 14 The PDS technique gives a qualitative description of the polymer absorption, but these measurements become quantitative when they are calibrated with other techniques. For instance, the PDS curves may overlap those obtained from a UV spectrometer. 26 With our PDS setup, the overlap must take place at a wavelength greater than 350 nm, at which the PDS optic setup does not absorb significantly. However, the polymers did not absorb sufficiently from 280 to 400 nm to be detectable with the UV spectrometer. Therefore we added a small amount of the dPhDR1 dye (⑀ max ϭ 496 nm; Fig. 2 ) to increase artificially the absorption of the polymer system in the regime from 300 to 600 nm and to permit overlap between UV and PDS spectra, as shown in Fig. 3 . dPhDR1 does not absorb where the photoinitiator absorbs (310 nm), so the cross-linking reaction was not affected by the dye. Also, dPhDR1 was preferred to Disperse Red 1 because it has a greater thermal stability. Therefore during film processing at temperatures greater than 100°C the concentration of dPhDR1 in the film remained constant, whereas Disperse Red 1 showed evidence of evaporation, degradation, or both, as evidenced by the decrease of its absorbance in the UV region. All these polymers were prepared according to the same procedure, so the PDS curves are comparable with one another. The polymer spectra obtained from PDS are shown in more detail in Fig. 4 . At the shorter wavelengths the spectra are dominated by the electronic transitions of the dye chromophore (dPhDR1). Beyond 800 nm, the near-IR spectrum is dominated by the overtone and combination bands of groups that involve one or more hydrogen atoms. 28 The main C-F overtones are found only in the 8000-2024-nm (1250-5000-cm
Ϫ1
) range, and their intensity decreases much faster than for the C-H bonds because of their lower anharmonicity constant (4 ϫ 10 Ϫ3 compared with 1.9 ϫ 10 Ϫ2 for C-H bonds).
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The copolymer systems presented here have a complex structure at the molecular level. Many C-H bond types are present, which have to be assigned separately. In these large molecules, the individual chemical bonds and groups can be regarded as isolated oscillators. The anharmonicity of their vibrations leads to a succession of overtones at higher energy. The intensity of the first overtone is far weaker than that of the fundamental overtone, and successive overtones are progressively even weaker. The vibrations of the oscillator can be approximated by the Morse potential, for which the energy levels, given by the Schrödinger equation, can be written as
where n is the vibrational quantum number, v h is the frequency (in inverse wavelengths) of the corresponding harmonic oscillator [v h ϭ (2c)
Ϫ1 ͱk/, k is the force constant, is the reduced mass, and c is the velocity of light], and is the anharmonicity coefficient. The position of the fundamental vibration v 0,1 or an overtone v 0,n (n ϭ 2, 3, 4,...) is given by
so that
Relation (3) shows that v 0,n /n is linear with n, and we use this fact to assign the spectral peaks. In Fig. 4 ) have a complex structure that is essentially the sum of two adjacent peaks. Note that one of these two peaks, located upfield, decreases when the composition of the copolymer is decreasing in GMA units. The same phenomenon was observed in Fourier-transform IR spectra, where the C-H stretching vibrations were characterized by two strong peaks, at 3000 and 2940 cm
Ϫ1
, with a diminution of the 3000-cm Ϫ1 peak when the composition of the polymer was decreasing in GMA, until for poly(pentafluorostyrene) it completely disappeared. The choice of the three doublets, centered at 1710, 1200, and 900 nm, as v 0,2 , v 0,3 , and v 0,4 C-H stretching overtones, respectively, led to the lines in Fig. 5 . The linear fit is good, and any other choice of assignment gives a poor fit. For extrapolation back to the 0 → transition, the upper line leads to v 0,1 ϭ 3005 cm Ϫ1 , corresponding well to the asymmetric C-H stretch from the methyl group in GMA (3000 cm ). Note that the C-H stretch from the methine groups in PFS and GMA could not be resolved in the PDS spectra, as was expected considering that their stretching mode in the IR is much weaker in intensity than for -CH 2 -or -CH 3 . Fig. 2 . dPhDR1 dye used to calibrate the PDS spectra to the UV spectra. Fig. 3 . Calibration of the PDS spectrum from the UV absorption spectrum measured by a spectrometer. 
h , the anharmonic parameter; and , the anharmonic coefficient. The values obtained for these various parameters are reported in Table 1 .
The broad peak centered at 1400 nm (7143 cm
) was assigned to the C-H stretching-plus-bending combination overtone (v 0,2 ϩ ␦ 1 ). This band reveals a shoulder at 1440 nm (6944 cm
) when the epoxy groups are cross linked by ring-opening polymerization.
The crosslinking reaction can be monitored by IR spectroscopy by the appearance of the broad hydroxyl stretching band at 3530 cm
, the increase of the strong C-O stretching bands of primary and secondary alcohol at 1067 and 1133 cm Ϫ1 , respectively, and the decrease of the oxirane ring vibration at 910 and 848 cm ), respectively, as recorded in the PDS spectra.
The wavelengths of interest for telecommunications applications are 1310 and 1550 nm. These two wavelengths fortunately lie between the C-H vibrations. It is useful to compare the absolute absorption with the total losses measured in a slab waveguide. The absorption can be converted to attenuation (in decibels) by use of a factor of 4.3. Figure 6 shows the attenuation loss measured at 1550 nm by both PDS and the prism-coupling method in slab waveguides. Thus it is possible to separate the absorption and scattering contributions from the total attenuation. The absorption decreases with a decreasing number of C-H bonds in the material. However, the absorption is still significant, even with a low proportion of C-H bonds. For a better comparison with other materials, we calculated the abscissa as a percentage of C-H bonds in the polymer. One should keep in mind that these materials, except for p(PFS), are cross linked and that -OH bonds are also responsible for the leveling of the absorption in this area. The scattering part can be divided into intrinsic and extrinsic contributions. The latter is due to external contamination, such as dust and surface roughness, and is assumed to be the same for each film. The former is due to structural inhomogeneities, which could originate from the polymerization, processing, and cross-linking steps. However, polymerization was accomplished by free-radical reactions and results in highly amorphous polymers, as confirmed by the measurement of low birefringences (⌬n ϭ n TE Ϫ n TM Ͻ 0.0005). Therefore the structural inhomogeneities are believed to be due primarily to shrinkage induced during the cross-linking reaction. As the crosslinking density increases, i.e., as the GMA content increases, the shrinkage in the film is more pronounced, and a progressive increase of structural inhomogeneities should be observed. This process is in accordance with the measurements shown in Fig. 6 , where a larger amount of GMA, leading to a higher C-H bond percent, generates a progressive increase of the intrinsic scattering. The values derived from the PDS and the waveguide attenuation measurements are given in Table 2 . With PDS it is possible fully to characterize the fundamental optical properties of the polymer systems. This is particularly important for selection of the polymer with the best transparency at the required wavelengths. Indeed, PDS indicates the lowest attenuation reachable in the polymer, which is the basis for comparing the potentials of various organic systems. Furthermore, by combining the PDS with attenuation measurements in waveguides it is possible to determine and quantify the contribution of the scattering caused by the material processing.
